Forty-eight-hr and 96-hr simple hypothermic preservations of the lung were studied on dogs using 4 kinds of solutions resembling extracellular electrolyte compositions (Epl-Ep4). The pH of each solution was changed from 6.377 to 7.463 by HP042-/HZP04-ratio. Twenty dogs were prepared as donors (12 for 48-hr preservation with Epl, Ep2 and Ep3, and 8 for 96-hr preservation with Ep3 and Ep4, respectively). The heart-lung block was removed from the donor, and flushed with 500 ml of preservation solution via the pulmonary artery, then immersed in the same cold (4°C) solution, after which it was stored in a cold (4°C) room. After preservation, the left lung was separated from the heart-lung block and was transplanted into the recipient orthotopically. The function of the transplanted lung was evaluated with serial x-ray findings, contralateral pulmonary artery ligation test, and histologic findings. In the case of 48-hr preservation, all of the four recipients with Ep3 (pH: 7.225) showed good aeration of the grafted lungs on the chest x-ray in the early postoperative period. As for the 96-hr preservation cases, one with Ep3 and three with Ep4 (pH: 7.463) presented good x-ray findings. Of these successful cases, seven dogs (5 of 48-hr preservation cases, 2 of 96-hr preservation cases) underwent contralateral pulmonary artery ligation 10 to 18 days after transplantation. Excluding one of the 96-hr preservation cases, six dogs tolerated this procedure. On histopathological examination of the successful cases, the 48-hr preservation cases showed almost normal pulmonary structure, while the 96-hr preservation cases showed slight degenerative changes in the alveolar walls. From the present study, it becomes apparent that clinical application of 48-hr preservation may be possible by using a phosphate buffered extracellular solution. lung transplantation ; simple hypothermic storage ; 96-hr lung preservation ; phosphate-buffered extracellular solution 
Lung transplantation
is the last and most effective treatment for patients who have respiratory diseases such as pulmonary fibrosis or primary pulmonary hypertension associated with severe low lung function. Recently, the number of clinical cases of lung transplantation is increasing on the basis of a development of immunosuppressive regimens using cyclosporin A. Transplant organs should be obtained from heart-beating cadaver donors in the case of lung transplantations, however, the total number of appropriate donors is apparently small.
Therefore, in order to establish usefull and valuable lung transplantation, many attempts have to be made in order to develop preservation methods. Recently,
we have devised a long-term lung preservation technique using simple hypothermia in canine lung transplantations. Using this new method, the study of appropriate preservation solutions for safety long-term lung storage has been attempted.
In this article, we shall introduce out lung preservation technique, and present the results of an experimental study on the preservation of canine lungs for as long as 48 to 96 hr using 4 different phosphate buffered extracellular solutions.
MATERIALS AND METHODS

Preservation and transplantation
Adult mongrel dogs of both sexes, weighing between 10 to 15 kg, were anesthetized by the intramuscular administration of ketamine (10 mg kg body weight) and pentobarbital sodium (25 mg kg body weight) intravenously. Under mechanical ventilation at a tidal volume of 20 ml/kg body weight given with a dog respirator (MODEL 607E, Harvard Apparatus, Millis, MA, USA), the donor dog underwent a left thoracotomy. The chest incision was made at the fifth intercostal space. At first, the superior and inferior vena cavas, and the azygos vein were identified, then isolated. After intravenous injection of 300 U/kg body weight of heparin, these vessels were divided by ligature. The aorta was then transected in order to drain the blood out of the pulmonary vascular bed before heart standstill. This was followed by the inflation of the lung with air in order to abolish atelectatic region, then the trachea was closed with an atraumatic clamp and transected. By means of these procedures, the heart-lung block was completely removed from the donors' thoracic cage. The heart-lung block was transfered to an open chamber filled with a cold (4° C) preservation solution. Three catheters were inserted : the first one was inserted from the right ventricular apex into the pulmonary artery stem to assure flushing of the pulmonary vascular bed ; the second was inserted from the aorta into the left ventricle permitting the drainage of blood and the preservation solution ; and the final catheter was introduced into the trachea to permitt lung expansion by air inflation. The heart-lung block was fixed to the preservation apparatus (Fig. l) and immersed in to the same cold (4°C) preservation solution. The lung was flushed at a low pressure of 12.2± 3.7 cmHZ 0 (n -20) with 500 ml of preservation fluid containing 2000 u of heparin and 250 mg of methylprednisolone and 500 mg of ampicillin or carbenicillin, while airway pressure was maintained at 10 cmHZ 0 with continuous air inflation. Finally, we fixed the apparatus on the prone position and stored it at 4°C in the cold room. A recipient dog, weighing about the same as the donor dog, was anesthetized in the same way as the donor had been. Mechanical ventilation was performed using a Harbard respiration at a tidal volume of 20 ml kg body weight under PEEP of 5 cmHZ 0. The frequency of ventilation was set at 15 mm. A thoracotomy was performed through the fifth intercostal space and the pulmonary hilus was indentified. The vessels and the main bronchus were isolated, and the hilar structures were divided. The tidal volume was changed from 20 ml/kg body weight to 15 ml kg body weight and respiratory frequency was changed from 15/min to 20 mm.
After this procedure, a left lung taken from a preserved heart-lung block was orthotopically transplanted to the recipient by anastomoses of the pulmonary vein as an atrial cuff, bronchus and pulmonary artery in this order. Techniques of lung transplantation have been described in previous papers (Suzuki et al. 1968; Fujimura et al. 1972 ). Just after the bronchial anastomosis was acomplished, the clamp on the left atrium was removed under expansion and ventilation of the transplanted lung with initial respiratory condition in order to prevent atelectasis. During the operation, 250 mg of methylprednisolone was administered by drip infusion. The time required for this transplantation technique was less than 1 hr.
Immunosuppressive therapy Azathioprine and methylprednisolone were used for immunosuppression. Azathioprine was given orally in an initial dosage of 100 mg daily during the first week, followed by a dosage of 50 mg day until death. Methylprednisolone was administered intramuscularly at a dosage of 100 mg day during the first week followed by 50 mg day until death.
Laboratory studies Chest x-ray films were taken of all animals 2 or 3 times per week and ligation of the contralateral pulmonary artery was performed 10 to 18 days after transplantation in order to evaluate transplanted lung function. After this, they were put to death for histopathological examination with a lethal intravenous injection of pentobalbital sodium. At first view, the grafted lungs were confirmed to have patent hilar anastomoses. Then they were fixed in 10% neutral formalin, embedded in paraffin, sectioned, stained with hematoxyrin and eosin, and examined under the light microscope.
Experimental variables
The preparation and composition of preservation solutions are summarized in Tables 1  and 2 . Perfusate Epl-Ep4 are phosphate buffered extracellular solutions of which the pH were changed with HPO42-/HZPO4-ratio.
Twenty dogs were divided into five groups. In 48-hr preservation trials, twelve dogs taken from three groups were prepared for perfusates, Epl, Ep2 and Ep3. In 96-hr preservation trials, eight dogs taken from two groups were prepared for perfusates, Ep3 and Ep4. Table 3 shows the results of a simple hypothermic preservation for 48 hr and 96 hr. In the result of our previous study (Handa 1982 ) on lung preservation, it is indicated that transplanted lungs revealing complete aeration on x-ray films within a week after transplantation have sufficient function. Therefore, in this study, the result of lung transplantation after preservation was evaluated according to the findings of serial x-ray films. In 48-hr preservation cases, successful cases were obtained from every three groups. Surprisingly, all four dogs having received transplanted lungs preserved with Ep3 solution revealed complete aeration of the left lung field, and this was evident as early as the second day after transplantation (Fig. 2) . In 96-hr preservation cases, one dog of the Ep3 solution group and three dogs of the Ep4 solution group showed good x-ray findings up until one week after transplantation (Fig. 3) . On the other hand, a total of seven unsuccessful cases were reported to have died of pulmonary edema within 24 hr after transplantation.
RESULTS
Of the successful cases of 48-hr and 96-hr preservation trials, six dogs died of pneumonia (4), or disruption of bronchial anastomosis (1) and gastrointestinal bleeding (1). The remaining seven dogs (five in 48-hr preservation and two in 96-hr preservation) underwent a contralateral pulmonary artery ligation by right side thoracotomy from 10 to 18 days after the transplanta- Table 4 shows the mean value of pulmonary artery pressure (PPA), cardiac output (CO) using a right heart catheterization technique, and arterial blood gas analysis, both before contralateral pulmonary artery ligation and 30 min after the ligation. These laboratory examinations were carried out under mechanical ventilation of room air without exchange of minute ventilatooy volume. The value of PPA was elevated from 15.2±5.5 mmHg to 25.8±6.1 mmHg, but no significant change in C 0 (from 1.37±0.7 liter/min to 1.38±0.7 liter/min) was found. Arterial oxygen pressure (PaO2) On all of the transplant recipients was performed a necropsy after natural death or sacrificial death. No obvious abnormality in anastomoses of the pulmonary artery and left atrium was present in any case. In macroscopic examination, transplanted lungs of non-complicated successful cases showed normal appearance excluding partially infected or organized lesions. In microscopic examination, successful 48-hr preservation cases showed an almost normal pulmonary structure (Fig. 4) except for hypertrophic and fibrous changes of the alveolar wall and/or infiltration of inflammatory cells in some places. On the contrary, in successful 96-hr preservation cases, degenerative changes associated with alveolar destruction was slightly observed among normal pulmonary parenchyma (Fig. 5) . No obvious traces of rejection were seen in any recipient.
DISCUSSION
In our previous study of 24-hr (Fujimura et al. 1985) and 48-hr (Fujimura et al. 1987 ) preservation of canine lung transplants, it became apparent that buffer action of the solution is necessary in the preparation of the preservation solution. However, phosphate buffered solutions seem to be preferable to bicarbonate buffered solutions, because the pH of bicarbonate buffered solutions is highly elevated under exposition to air environment according to HendersonHasselbalch's formula.
The pK' of bicarbonate buffered solutions is 6.1 under 37°C temperature, and yet actual buffer pH is limited within pK' + 2. On the other hand, the pK' of phosphate buffer is 6.8 under 37°C temperature, and the pH of our phosphate buffered solution is set at 6.377 to 7.463 without influence of air composition and pressure. Therefore, we believe that phosphate buffer is essential and feasible in a preservation solution.
We also showed that phosphate buffered extracellular solutions are more successful than phosphate buffered intracellular solutions in the case of lung preservation.
In general, hyperkalemic solutions have been considered to be more successful than hypokalemic or hypernatremic solutions because of Na+-K+ pump dysfunction of the cell membrane under hypothermia (Veith et al. 1976 ; Toledo-Pereyra and Condie 1978; Hoyer et al. 1980 ). But optimal concentration of K+ has not been indicated in any report. A result of our study (Handa 1982) of hypothermic lung preservation associated with continuous low perfusion has similarly shown the usefullness of intracellular solutions. But except for electrolyte composition, colloid and total osmolarity, we have not, up to now, considered as significant the buffer contained in solutions. Preservation solutions have to be discussed and prepared with special reference to the roles of buffer. It has been recently said that an organ preserved with a hyperkalemic solution may necessitate re-flushing with extracellular solutions just before transplantation because of non-physiologically remarkable change in Na+-K+ composition in the intravascular space after transplantation.
On the contrary, re-flushing of a preserved organ may lead to weight gain of that organ, which means a disappointing prognosis of transplantation.
It seems that a physiologically suitable solution without the requirement of re-flushing is appropriate as a preservation solution. Though more detailed study of electrolyte composition of preservation solutions has to be made, we believe that it is possible to preserve lungs for long periods using a phosphate buffered extracellular solution. The result of this study using extracellular solutions paticularly discussed the pH of solutions in relation to the HP042-/H2P04-ratio and the possibility of a 96-hr preservation of canine lung transplants.
In 48-hr preservation trials, many successful cases were obtained with all three (Epl-Ep3) solutions, but complete success was obtained on the Ep3 group. It suggests that the higher the concentration of HP042-is, the more effective the buffer action was when using phosphate buffered solutions. It also revealed that the solution where the pH was elevated by a ratio of HP042-/H2P04-seemed to be ideal. What matters is that the pH of solutions should be determined with special reference to the buffer capacity.
In 96-hr preservation cases using Ep3 and Ep4 solutions, Ep4 solutions which contained the highest concentration of HP042-and pH (7.463 under 37°C) presented the best results and demonstrated the possibility of long-period lung preservation.
So far, there has not been any reports made of a study done concerning a suitable pH in solutions under hypothermia. The favorable results that we obtained with Ep4 solutions of which the pH was close to physiological pH (7.4) stimulated our interest in using optimal pH solutions under hypothermic storage. For the purpose of an experimental application of heart-lung preservation, Ep4 solutions contain some amount of K2HPO4 in order to elevate the concentration of K+ (26.2 mEq/liter).
It seems probable that the somewhat high concentration of K+ exerted effective influence on 96-hr preservation trials, but this cannot be confirmed in this study. More detailed experimental study about electrolyte composition of solutions is required with the association of other components, that is to say, colloid osmotic pressure, buffer capacity, pH, protease inhibitor and so on.
In this study, it became apparent that a 96-hr lung preservation was possible using a phosphate buffered extracellular solution. On the other hand, it was also evident that still longer preservations may perhaps not be performed successfully without the addition of energy substances or additional improvement of preservation techniques, because degenerative changes that are unnoticeable in x-ray findings were detected partially in normal parenchyme by histological examination of the transplanted lungs.
Our preservation method using a heart-lung block is preferable to single lung techniques for the following reasnons : Firstly a heart-lung block is very easy to set on our preservation apparatus permitting the perfusion and ventilation of lungs to be carried out in a stable and complete manner ; secondly, transplantations could be performed with enough length or space of anastomotic sites.
This technique should be applied in clinical transplantations.
From the results of this study, clinical application of 48-hr lung preservations may be possible using our method.
